The second-order rate constants, k Q S and k Q t 1/2 , were determined by analyzing the first-order rate constant S and half-life t 1/2 of the decay curve of DPBF, respectively. Measurements of the k Q S and k Q t 1/2 values were performed not for only natural AOs, but also for numerous food and plant extracts 14, 25 . From the results, a new assay method that could quantify the singlet oxygen absorption capacities SOAC of the natural AOs and food extracts was proposed 22 25 .
Edible vegetable oils are used for cooking in ordinary homes daily. As vegetable oils contain high concentrations of unsaturated lipids, they are exposed to risk of lipid peroxidation 12, 17, 26 . Therefore, vitamin E homologs are includ-ed in vegetable oils, to prevent the peroxidation of the unsaturated lipids 12, 17, 27 29 . However, a detailed kinetic study to evaluate the AO activities of vegetable oils has not been performed.
In a previous study, the 1 O 2 -quenching rates k Q and the SOAC values were measured for eight vegetable oils numbered 1 -8 in mixed solvent via UV-vis spectrophotometry 30 . The k Q Oil S Obsd. values obtained for oils 1 -8 are listed in Table 1 . The contents of the α-, β-, γ-, and δ-Tocs and -Toc-3s contained in oils 1 -8 were determined see supplementaruy Table S1 29 . Furthermore, comparisons of the k Q Oil S Obsd. values observed for the above oils 1 -8 with the k Q Toc & Toc-3 S Calcd. values i.e., the sum of the product ∑k Q AO-i AO-i of the k Q AO-i values obtained for each AO-i and the concentration AO-i of AO-i i.e., four Tocs and four Toc-3s contained in oils 1 -8 were performed. In Table 1 , k Q S Obsd. and k Q S Calcd. are abbreviated as k Q Obsd. and k Q Calcd. , respectively, for the simplicity. As listed in Table 1 12, 17, 26 , it may be necessary to consider their contribution to explain the k Q Oil Obsd.
values.
Recently, the second-order rate constants k S Oil for the reaction of eight vegetable oils 1 -8 with 2,6-di-t-butyl-4-4-methoxyphenyl phenoxyl abbreviated as aroxyl ArO radical Fig. 1 were measured in mixed solvent Table 2 , in order to clarify the free radical-scavenging Scheme 1 activities of vegetable oils 1 -8 29 .
k S ArO AO ArOH AO 2 As the amounts of the α-, β-, γ-, δ-Tocs and -Toc-3s contained in vegetable oils 1 -8 are different, different ArO radical-scavenging activities are observed for oils 1 -8 29 . For example, rice bran oil 1 showed 8.0 times larger k S Oil Obsd. value than that of olive oil 7 Table 2 . As reported in a previous study 29 As described in previous studies 31 33 , ArO can be regarded as a model for the active oxygen radicals LOO and others found in foods and biological systems. For example, the second-order rate constants k S obtained in ethanol at 25.0 were 5.12 10 3 α-Toc , 2.24 10 3 β-Toc , 2.42 10 3 γ-Toc and 1.00 10 3 δ-Toc M 1 s 1 . The relative rates α:β:γ:δ 100:44:47:20 agreed well with those obtained in the studies on the reactivity of Tocs toward the poly peroxystyryl peroxyl radicals 100:41:44:14 in chlorobenzene using the O 2 consumption method 15 . The above results suggest that the relative reactivities of Tocs in solution probably does not depend on the type of the oxyradicals ArO and LOO used.
In the present study, first, concentrations of nine fatty acids 1 -9 i.e., Acid-i i 1 -9 contained in vegetable oils 1 -8 were determined, via gas chromatography GC 34, 35 . Second, measurements of the rate constants k Q LH S and k Q LH t 1/2 were performed for five fatty acid esters LH I -V Fig. 1 in mixed solvent. Here, fatty acid esters I -IV were used as the models of fatty acids 1 -9, as described in Sec. 4.1. Third, comparison of the k Q S Obsd. values observed for the above oils 1 -8 with the sum of the product ∑ k Q Acid-i S Acid-i /10 2 of the k Q Acid-i S value obtained for each fatty acid Acid-i and the concentration Acid-i /10 2 g/100 g unit of Acid-i contained in oils 1 -8 was performed, in order to evaluate the contribution of fatty acids 1 -9 to the 1 O 2 -quenching activity 30 . Furthermore, measurements of the ArO -scavenging rate constant k S were performed for fatty acid esters I -IV. As high concentrations of fatty acids 1 -9 i.e., total fatty acids 75.7 -85.5 g/100 g oil are contained in vegetable oils 1 -8 Table 3 , these fatty acids 1 -9 may also contribute to the ArO -scavenging of vegetable oils 1 -8.
Materials and Methods

Materials
The eight vegetable oils rice bran oil 1, sesame oil 2, perilla oil 3, grape seed oil 4, rape seed oil 5, extra virgin olive oil 6, olive oil 7, and safflower oil 8 Table 1 were purchased at local grocery stores in Sendai Japan , and the concentrations of nine types of fatty acids 1 -9 contained in these oils were measured. Five types of fatty acid esters ethyl stearate I, ethyl oleate II, ethyl linoleate III, methyl linolenate IV, and glyceryl trioleate V Fig. 1 were purchased from Sigma-Aldrich Chemical Co. St. Louis, MO , and used as received. The reference standard mixture of fatty acid methyl esters was obtained from NU-CHEK-PREP, Inc. Elysian, MN .
DPBF was obtained from Tokyo Kasei Chemicals, Japan. EP was obtained from Wakenyaku Co. Ltd., Japan. The UV spectrum of EP indicated that commercially available EP includes 95 EP and 5 unreacted EP-precursor 22 . The ArO radical was synthesized according to the method of Rieker et al. 36 .
2.2 Measurements of the rate constants k Q and k S for fatty acid esters I -V Measurements of the 1 O 2 -quenching 22 24, 30 and ArO -scavenging 37 rate constants k Q and k S for fatty acid esters I -V, respectively, were performed in mixed solvent, using a Shimadzu UV-vis spectrophotometer UV-1800 , equipped with a six-channel cell-positioner and an electron-temperature control unit CPS-240A . Measurements of the k Q and k S values were performed at 35.0 0.5 and 25.0 0.5 , respectively. The experimental errors in the rate constants k Q S , k Q t 1/2 , and k S are listed in Table 4 , as mean SD .
Analyses of the second-order rate constants k
Rate constant k Q AO S for the reaction of 1 O 2 with an AO was determined by Eq. 3 , as reported in previous studies 22 24, 30 .
where S blank and S AO are the slopes of the first-order plots i.e., ln Absorbance vs time plots of the disappearance of DPBF in the absence and presence of the AO, respectively. the S blank / S AO vs AO plot. We can easily obtain Eq. 4 , by substituting the relation for the first-order reaction t 1/2 AO ln 2/S AO into Eq. 3 .
where t 1/2 blank and t 1/2 AO are the half-lives of DPBF in the absence and presence of the AO, respectively. Equation 4
indicates that the k Q AO t 1/2 value can be obtained from the
GC measurement of the concentrations of the nine fatty acids in vegetable oils 1 -8
The fatty acid compositions of the vegetable oils were analyzed by previously reported GC methods 34, 35 . First, 5 mg of a vegetable oil was mixed with an internal standard 20 μg of nonadecanoic acid . Then, 2 mL of methanol containing hydrogen chloride 5 , v/v and 5 μL of methanol containing dibutylhydroxytoluene 0.01 , wt/v were added. After the nitrogen substitution, the sample was methyl esterified 100 , 1 h . To stop the methyl esterification reaction, 5 mL of aq. potassium carbonate 6 , wt/ v was added. Then, 1 mL of hexane was added and partitioned by centrifugation 1630 g, 4 , 10 min into two layers. The upper hexane layer was collected, and the remaining aqueous layer was re-extracted with 1 mL of hexane. The combined hexane layer was evaporated under a nitrogen gas, and the residue was dissolved in 200 μL of hexane. Samples of 0.7-2 μL were subjected to GC-4000 GL Sciences Inc., Tokyo, Japan equipped with a DB-225 column length, 30 m; internal diameter, 0.32 mm; film thickness, 0.25 μm; Agilent Technologies, Santa Clara, CA, USA . Helium gas was used as the mobile phase. The injector and detector temperatures were set at 220 and 250 respectively. The gradient profile was as follows: 140 -180 8 /min linear , 180 -220 3 /min linear , and 220 for 25 min . Each concentration was determined in triplicate, and the average values are listeded in Table 3 . The values of the standard deviations SDs are listed in Table S2 .
Results
Contents of the nine fatty acids in vegetable oils 1 -8
Measurements of the concentrations of the fatty acids contained in vegetable oils 1 -8 were performed using GC, as described in Sec. 2.4 34, 35 . The obtained concentrations of fatty acids 1 -9 are listed in Table 3 nmol/mg oil unit or Table S3 g/100 g oil unit . As can be seen from Table  3 , the total concentrations nmol/mg oil of fatty acid 1 -9 contained in vegetable oils 1 -8 increased in the order: myristic acid C14:0 palmitoleic acid C16:1 arachidic acid C20:0 vaccenic acid C18:1 stearic acid C18:0 palmitic acid C16:0 α-linolenic acid C18:3 linoleic acid C18:2 oleic acid C18: 1 5 Oleic acid has the highest total concentration among the nine fatty acids. Linoleic acid and α-linolenic acid having high degrees of unsaturation also exibit high concentrations. The concentrations of the saturated fatty acids i.e. myristic, arachidic, stearic, and palmitic acids are lower than those of the above unsaturated fatty acids.
The total concentrations g/100 g oil of fatty acids 1 -9 contained in oils 1 -8 are extremely high and vary from 75.707 g/100 g of rice bran oil 1 to 85.520 g/100 g of extra virgin olive oil 6, as listed in the rightmost column in Table  3 . However, the differences in the total concentrations of fatty acids 1 -9 contained in vegetable oils 1 -8 are not significantly large. Examples of such a detailed analysis of the concentrations of numerous fatty acids contained in vegetable oils are limited to our knowledge 12, 17, 26 .
Using the obtained concentrations of the nine fatty acids i.e. Acid-i g/100 g oil Table S3 , the k Q Acid calcd. performed for five fatty acid esters LHs I -V Fig. 1 in mixed solvent 22 25 . presence of LHs II -IV is not clear at present.
However, by adding α-Toc to the DPBF solution containing LH II -IV, the decay of the absorption of DPBF disappears, as shown in Fig. 2 D . Therefore, measurements of the k Q S and k Q t 1/2 values for LH II -IV were performed under the presence of α-Toc. For example, measurements of k Q LH IV S and k Q LH IV t 1/2 for LH IV were performed by maintaining α-Toc at a constant concentration α-Toc 4.14 10 4 M and by varying the concentration of LH IV LH IV Fig. 3 . The disappearance of DPBF was measured at 413 nm, as shown in Fig. 3 A . In such a case, we can expect that the S Blank / S Sample and t 1/2 Sample /t 1/2 Blank values change depending on Eqs. 6 and 7 , respectively 23 .
where k Q LH S and k Q α-Toc S are the quenching rate constants for LH IV and α-Toc, respectively. As listed in Table 4 , the k Q S values increase in the order of LH I LH II LH III LH IV LH V  8 Specifically, the k Q S values of LHs I -IV increased following an increase in the numbers of double bond included in a molecule. The k Q S value 1.29 10 5 M 1 s 1 of the LH V with the highest activity was 4.84 times larger than that 2.66 10 4 of LH I with the lowest activity. Glyceryl trioleate LH V is a glycerine ester of oleic acid Fig. 1 . The k Q S value 1.29 10 5 M 1 s 1 of LH V is 3.06 times larger than that 4.22 10 2 of ethyl oleate LH II , as expected from the molecular structures of LH II and LH V.
The fatty acids contained in vegetable oils 1 -8 generally exist as fatty acid esters of glycerine. The result of the measurements of the k Q S values for ethyl oleate LH II and glyceryl trioleate LH V suggests that the k Q S values for the glycerine fatty acid ester may be explained by the simple sum of the k Q S values for three types of the fatty acids. The contributions of the glycerol moiety to the 1 O 2quenching rate are negligible, i.e., only the fatty acid moieties in LHs I -V contribute to the 1 O 2 -quenching rate. From the results, the k Q Acid-i S values for the nine types of fatty acids 1 -9 were tentatively estimated. Using these values and the concentrations of fatty acids 1 -9 contained in vegetable oils 1 -8, the contributions of the nine fatty acids 1 -9 to k Q Acid S Calcd. value Table 1 were calculated, as subsequently described in Sec. 4.1.2. Similar measurements were performed for the reaction of ArO with LHs II and III in mixed solvent, and the k S values obtained for them are 6.07 0.66 10 5 and 6.63 0. 25 10 4 M 1 s 1 , respectively. However, in the case of ethyl stearate LH I containing no double bond, the reaction between ArO and LH I was negligible and slow. The k S LH values obtained for LH II -IV are summarized in Table  4 , with the k S α-Toc value reported for α-Toc 29 . As listed in Table 4 , the rate constants k S LH increase as the number of double bonds in LH I -IV increases 37 . A similar result was reported by Krasnovsky et al. 39 . Ths and vaccenic acid 6 C18:1 with one double bond in the molecule are the same as that of oleic acid 5 C18:1 see Table 3 . The k Q Acid-i values M 1 s 1 unit of fatty acids 1 -9
Discussion
used for the calculation are listed in Table 5 . Further, the k Q Acid-i values L g 1 s 1 unit of fatty acids 1 -9 were calculated using the molecular weights Mw of fatty acid esters I -IV or fatty acids . Comparisons of k Q Oil Obsd. values observed for the above oils 1 -8 with the sum of the product ∑k Q Acid-i Acidi of the k Q Acid-i values assumed for each fatty acid and the concentration Acid-i g/100 g oil of nine fatty acids Acid-i i 1 -9 Table S3 contained in oils 1 -8 were performed using Eq. 11 . An example calculated for rice bran oil 1 is shown in Table 5 . The contributions of oleic acid 5 LH II , linoleic acid 7 LH III , and palmitic acid 2 are larger than those of the other six fatty acids. The ratio Calcd. values of extra virgin olive oil 6 and olive oil 7 are 0.699 and 0.483 times smaller than the k Q Acid Calcd. values of oils 6 and 7, respectively. The ratios of the contributions of Tocs and Toc-3s to those of the fatty acids vary remarkably, depending the concentrations of the Tocs, Toc-3s, and fatty acids present in vegetable oils 1 -8. values vary from 2.58 10 2 L g 1 s 1 for rice bran 1 to 5.26 10 L g 1 s 1 for olive oil 5. The former is 4.90 times larger than the latter. However, the k Q Acid Calcd. values vary from 1.17 10 2 L g 1 s 1 for rape seed oil 5 to 1.02 10 2 L g 1 s 1 for rice bran oil 1, except for perilla oil 3 1.44 10 2 L g 1 s 1 . The values are similar to each other. The concentrations of Tocs and Toc-3s vary remarkably depending on the types of oils. By contrast, the total concentrations of the fatty acids contained in oils 1 -8 are similar to each other i.e., from 75.707 g /100 g oil for rice bran oil 1 to 85.520 g /100 g oil for extra virgin olive oil 6 . Consequently, the k Q
As listed in
Acid
Calcd. values calculated for oils 1 -8 are thought to be similar.
Further, the total k Q Total Calcd. values i.e., the sum of As reported in a previous study, measurements of UV-Vis absorption spectra were performed for vegetable oils 1 -8 30 . Perilla oil 3 exhibits a UV-vis absorption at 370 520 nm, suggesting that carotenoids are contained in oil 3 14, 23 .
Green colored extra virgin olive oil 6 and olive oil 7 contain chlorophyll a λ max 414 nm and 668 nm 14 and carotenoids 23 . As is well-known, the k Q Carotenoid values of carotenoids are two orders of magnitude larger than those of Tocs and Toc-3s 16, 22 . The carotenoids contained in oils 3, 6, and 7 will also contribute to the quenching of 1 O 2 . However, the degree of the contribution of carotenoids is not clear at present, because the concentrations have not been reported. By contrast, grape seed oil 4, rape seed oil 5, and safflower oil 8 do not exhibit any absorption in the region above 400 nm, suggesting that carotenoids and chlorophyll a are not present in these oils. As Eq. 1 indicates, α-Toc scavenges 1 O 2 by a combination of physical quenching k q and chemical reaction k r 41, 42 .
Because k q >> k r , the qucnching process is almost entirely physical , i.e., α-Toc deactivates 120 1 O 2 molecules before being destroyed by the chemical reaction 41 . However, the 1 O 2 -quenching reactions of the fatty acids differ from that of α-Toc i.e., vitamin E homologs .
Numerous experimentals were performed for the reaction of 1 O 2 with the fatty acids LH including C 18 -C 20 carbon atoms or their esters containing from 1 to 4 double bonds within a molecule. The results obtained by a careful product analysis indicate the production of fatty acid hydroperoxide LOOH Eq. 12 2 5 . Generally, a chemical reaction k r occurs between unsaturated fatty acids LH and 1 O 2 , which is different from the α-Toc case. The results obtained by a careful product analysis indicate that fatty acid hydroperoxide LOOH is generated by the reaction between the LH and 1 O 2 Eq. 12 2 5 .
The total k Q k q k r values, i.e., the sum of the rate constants for the chemical reaction k r and physical quenching k q Eq. 13 were measured for the fatty acids or fatty acid esters by Krasnovsky et al. 39 and Doleiden et al. 40 As observed for ethyl stearate I i.e., the ethyl ester of a saturated fatty acid , the k Q value of ethyl stearate I will be due to physical quenching k q , suggesting that the numerous CH 2 and CH 3 groups contained in the fatty acids also contribute to 1 O 2 -quenching. Further, the results obtained indicate that the numerous biological molecules found in the vegetable oils react with 1 O 2 , and contribute to the quenching of 1 O 2 . The 1 O 2 -quenching activities of vegetables and fruits vary depending on the concentrations of the contained carotenoids 14, 23 Similar results were obtained for the reactions of fatty acid esters I -IV with the α-tocopheroxyl and 5,7-di-iso-propyl-tocopheroxyl radicals, as reported in previous studies 44 46 . To interpret the results obtained, ab initio molecular orbital calculations of the models for LH I -IV were performed 44 . The C-H bond dissociation energy D decreased and the C-H bond length r increased in the models of LHs I -III as the number of C C double bonds increased. Further, those were nearly constants in the models of LHs III and IV. From the calculation results, it was shown that the observed features of the rate constant could be explained in terms of the pseudo-π-conjugation between the -C C-double bond and the active hydrogencarbon bond of -CH 2 -group bound with -C C-double bond -CH 2 -C C-CH 2 -or -C C-CH 2 -C C-. As described above, the reactions of the ArO and α-Toc radicals with LHs II -IV were well explained by the H-atom abstraction reactions between the radicals and LHs II -IV.
Nine types of fatty acids 1 -9 are contained in vegetable oils 1 -8. As observed for ethyl stearate I, the k S Acid values for the saturated fatty acids i.e., myristic acid 1, palmitic acid 2, and arachidic acid 9 will be extremely small and negligible. Palmitoleic acid 3 and vaccenic acid 6 will show k S Acid values similar to that of ethyl oleate II. Linoleic acid 7
and α-linolenic acid 8 will exhibit similar k S Acid values to those of ethyl linoleate III and methyl linolenate IV, respectively. Therefore, the calculation of the k S Acid Calcd. values were performed using the k S Acid-i values listed in Table 6 .
High concentrations of the fatty acids i.e., from 75.707 g/100 g for oil 1 to 85.520 g/100 g for oil 6 are contained in k S Oil 3 (Obsd.) 9.17 10 3 a The k S LH-i (Lg -1 s -1 ) values for four fatty acid esters I -IV and the k S Acid-i (Lg -1 s -1 ) values tentatively assumed for five fatty acids 1, 2, 3, 6, and 9 (see text)). b Concentrations (g/100 g oil) of fatty acids 1 -9 ([Acid-i]) are listed in Table S3 . c slow means that k S LH-i (or Acid-i) value is below measurelable limits.
vegetable oils 1 -8 Table 3 . Consequently, to ascertain whether the contributions of the fatty acids to the k S Oil Obsd. value are almost negligible or not, the k S Acid Calcd.
values were calculated for vegetable oils 1 -8, using Eq. 15 i.e., Σk S Acid-i Acid-i g/100 g unit /10 2 . As listed in Table 6 , the k S Acid Calcd. value 1.95 10 6 Lg 1 s 1 calculated for perilla oil 3 is ca. three orders of magnitude smaller than k S Oil 3 Obsd. value 9.17 10 3 Lg 1 s 1 observed. Similar results are obtained for other vegetable oils 1, 2, and 4 -8. As listed in Table 2 , the k S Acid Calcd. values for oils 1 -8 are four to five orders of magnitude smaller than the k S Oil Obsd. values for oils 1 -8. The results indicate that the total ArO -scavenging activities of the vegetable oils may be explained by only considering the contribution of the α-, β-, γ-, and δ-Tocs and -Toc-3s. It is ascertained that the contributions of the fatty acids to the ArO -scavenging reaction is extremely small and negligible, differing from the case of the 1 O 2 -quenching reaction.
As reported in a previous study, measurements of the UV-Vis absorption spectra were performed for vegetable oils 1 -8 30 . The result indicates that numerous types of phenolic AOs such as γ-oryzanol, polyphenol, sesamol, and sesamine are contained in oils 1 -8. These AOs may also contribute to the scavenging of ArO . However, unexpectedly, the contributions of these AOs are small or almost negligible.
Conclusions
Recently, measurements of the singlet-oxygen 1 O 2 quenching and aroxyl-radical ArO scavenging rate constants k Q and k S , respectively of eight vegetable oils 1 -8 were performed in ethanol/chloroform/D 2 O solution 29, 30 . Further, the k Q and k S values and concentrations of four tocopherols and four tocotrienols contained in the vegetable oils were measured.
In the present study, concentrations of nine fatty acids contained in the above eight vegetable oils Table 3 were determined using gas chromatography. The k Q and k S values were measured for ethyl stearate, ethyl oleate, ethyl linoleate, methyl linolenate, and glyceryl trioleate in ethanol/chloroform/D 2 O solution, using UV-vis spectrophotometry. Based on the results obtained for the above fatty acid esters, the k Q and k S values were estimated for the nine fatty acids. Furthermore, comparisons of k Q values observed for the vegetable oils with the sum of the product ∑k Q AO-i AO-i of the k Q AO-i values obtained for each antioxidant-i AO-i and the concentrations AO-i of AO-i i.e., four tocopherols and four tocotrienols and the nine fatty acids contained in vegetable oils were performed. From the results, detailed comparison of the contributions of tocopherols and tocotrienols and fatty acids to the 1 O 2quenching rates k Q was performed, indicating that both the tocopherols and tocotrienols and fatty acids contained contribute to the 1 O 2 -quenching. A similar comparison was performed for ArO -scavenging rates k S . The results suggested that only the tocopherols and tocotrienols contained contribute to the ArO -scavenging and the contributions of fatty acids were negligible. This is a first example of a kinetic study, where detailed analyses of the contributions of the vitamin E homologs and fatty acids contained in vegetable oils to the 1 O 2quenching and free radical-scavenging reactions were performed.
